Monolayer blue phosphorus has recently been synthesized by molecular beam epitaxial growth on Au(111) substrate. It is intriguing to compare this new 2D phase of phosphorus with phosphorene as to both fundamental properties and application prospects. Here, first-principles calculations are carried out to explore the adsorption behaviors of environmental gas molecules on monolayer blue phosphorus, including O 2 , NO, SO 2 , NH 3 , H 2 O, NO 2 , CO 2 , H 2 S, CO, and N 2 , and address their effects on the electronic properties of the material. Our calculations show that O 2 is prone to dissociate and tends to chemisorb on the blue phosphorus sheet,phenomena which has also been observed in phosphorene. The other gas molecules can stably physisorb on monolayer blue phosphorus, showing different interaction strengths with the monolayer. These molecules induce distinct modifications to the band gap, carrier effective mass, and work function, which also depends on the molecular coverage. The responses of the electronic properties are subject to the charge transfer as well as alignment of the frontier molecular orbital levels of the gaseous molecules and band edges of the parent sheet. These results suggest that monolayer blue phosphorus is a promising candidate for novel gas sensors.
Introduction
Phosphorene, a new elemental 2D material, has attracted tremendous attention since its discovery and first synthesis in 2014 by exfoliation of bulk black phosphorus [1, 2] . It has high carrier mobility [1, 3, 4] , a sizable direct band gap [5, 6] , and anisotropic and layer-dependent electronic properties [7] , and thus holds great promise for electronics and optoelectronics [8, 9] . Phosphorene has an orthorhombic lattice with armchair ridges and a bilayer configuration along the zigzag direction. Each P atom is sp 3 hybridized, sharing three of its valence electrons with the neighboring P atoms and leaving a lone pair in the remaining sp 3 orbital. Consequently, phosphorene is vulnerable to oxygen [10] [11] [12] . Mono-and fewlayer black phosphorus flakes were reported to chemically degrade rapidly in ambient conditions, which is a major obstacle for device applications of this 2D material [13] [14] [15] .
On the other hand, the stereochemically active lone-pair electrons together with the extremely large surface-to-volume ratio make phosphorene ultrasensitive to the surrounding atmosphere and eligible for chemical sensing [16, 17] . Firstprinciples calculations showed that adsorption of gas molecules such as NO 2 , NO, and NH 3 induces appreciable variations to the electronic and transport properties of phosphorene [18, 19] , revealing the promising sensing capability of this 2D material. Following the theoretical predictions, chemical sensors based on multilayer black phosphorus have been developed in experiments, showing excellent sensitivity not only for NO 2 , NH 3 , and H 2 gases [20] [21] [22] but also for metal ions and humidity [23, 24] .
The intriguing properties and broad applications of phosphorene have stimulated exploration of other 2D phosphorus allotropes [25] [26] [27] [28] . Blue phosphorus, a new allotrope, was first predicted by Zhu et al in 2014 [25] , and its singlelayer form was synthesized very recently by Zhang et al using molecular beam epitaxy on Au(111) [29] . Monolayer blue phosphorus has a buckled honeycomb lattice similar to that of silicene [30] , with one of the two sublattices displaced vertically with respect to the other (figure 1); it is an indirect semiconductor with a predicted band gap of ∼3 eV [25, 31] . The gap decreases as the number of layers increases, down to ∼2 eV for the bulk crystal [26] . Extensive theoretical efforts have been made to explore the fundamental properties of blue phosphorus, including carrier mobility [31] , electronic transport properties [32] , thermal conductivity [33] , and superconductivity [34] . The effects of atom doping [35] , ion adsorption and intercalation [36, 37] , electric field [38] , and strain [39] on the electronic and magnetic properties of blue phosphorus were addressed. The oxidized, hydrogenated, and fluorinated forms of blue phosphorus were also predicted [40, 41] . A variety of device applications were proposed for this novel 2D material, such as field effect transistors [32] , spintronics [35] , optoelectronics [42] , and lithium ion batteries [36] .
Despite the extensive studies just described, so far little is known about the adsorption behaviors of gas molecules on blue phosphorus. Previous calculations showed that O 2 and NO favor chemisorption on phosphorene [18, 19] , while silicene and germanene are chemically unstable in the environment of O 2 , NO, NO 2 , and NH 3 [43, 44] . The band structures of the parent 2D sheets are severely modified by the chemisorbed gases. A recent first-principles study suggested that monolayer blue phosphorus is easily oxidized in air, followed by exothermic reaction of the oxidized layer with humidity [45] . It is of scientific interest and technological importance to understand how the other gas molecules interact with this 2D material and affect the electronic properties.
To this end, here we explore the adsorption of ten environmental gas molecules-O 2 , NO, SO 2 , NH 3 , H 2 O, NO 2 , CO 2 , H 2 S, CO, and N 2 -on monolayer blue phosphorus. First-principles calculations are employed to elucidate the structures, energetics, charge transfer, and electronic properties of these systems. Our results reveal that most of these gases favor physisorption on the blue phosphorus sheet, and they induce distinguishable responses in the band gap, carrier mobility, and work function. Therefore, blue phosphorus is a promising candidate for novel 2D molecular sensors.
Computational method
Density functional theory (DFT) calculations were performed by the Vienna ab initio simulation package [46] , using the planewave basis set with an energy cutoff of 500 eV, the projector augmented wave potentials [47] , and the generalized gradient approximation parameterized by Perdew, Burke and Ernzerhof (PBE) for the exchange-correlation functional [48] . To incorporate the adsorbed gas molecules (or point defects), a 4×4 supercell of a blue phosphorus sheet was used ( figure 1(a) ). A vacuum region of 25 Å was added to the vertical direction to avoid interactions between the neighboring layers. Work function was calculated by referring the Fermi energy of a system to the vacuum potential. The Brillouin zone of the supercell was sampled by 7×7×1 Monkhorst-Pack k point mesh. To describe the van der Waals interaction between gas molecules and the blue phosphorus sheet, we adopted the semiempirical dispersion-corrected DFT-D3 scheme proposed by Grimme [49] . The model structures were fully optimized by ionic and electronic degrees of freedom using thresholds for the total energy of 10 −4 eV and force of 0.02 eV Å −1 . The in-plane dimensions of the models were fixed using the unit cell parameter of 3.28 Å for monolayer blue phosphorus from our optimization, which reproduces the previous theoretical results [29] . Spin polarization was included for the system adsorbed by paramagnetic molecules like NO, NO 2 , and O 2 .
Various adsorption sites and molecular orientations of the gas molecules were considered as the initial configurations. The initial distance between the gas molecule and blue phosphorus sheet was chosen as 2.0 Å. To characterize the interaction strength between the molecule and the 2D sheet, we define the adsorption energy (E ads ) as follows:
where E tot and E blue-P are the energies of (perfect or defective) monolayer blue phosphorus with and without adsorption of a gas molecule, respectively; E gas is the energy of a gas molecule in vacuum.
To simulate the dissociation and chemisorption processes of a gas molecule on the blue phosphorus sheet, we employed the climbing-image nudged elastic band method [50] . Five intermediate images were used to describe the reaction path, and each image was optimized until the maximum projected force was below 0.02 eV Å −1 . Figure 1 (b) shows the band structure of monolayer blue phosphorus with a band gap of 1.94 eV from our calculations, whereas the previous studies using the hybrid HSE06 functional give a band gap of 2.73 eV [25, 26] . It is known that DFT calculation with the PBE functional underestimates the band gap of materials, whereas the band dispersions are relatively less sensitive to the type of functional [51] . Accordingly, we obtained the effective masses of electron and hole carriers of 0.49 and 0.61 m 0 (m 0 is the electron rest mass), respectively, for the blue phosphorus sheet, which are close to the previous values calculated using the HSE06 functional (0.4 and 0.7 m 0 [38] , see table S1 of supporting information available at stacks. iop.org/NANO/28/175708/mmedia). Considering the large sizes of our model structures, we used the PBE functional to examine the variations of the band structure of monolayer blue phosphorus upon gas adsorption, being aware of the systematic underestimation of the band gap by about 1 eV.
Results and discussion
To investigate the adsorption behaviors and stability of various gas molecules on monolayer blue phosphorus, we consider one molecule adsorbed on the monolayer with a 4×4 supercell, corresponding to coverage of 0.67 molecules per nm 2 . Lower coverage using 5×5 and 6×6 supercells was also tested for selected molecules. The obtained structural and energetic properties resemble those of the 4×4 supercell (see table S2 and figure S1 of supporting information). The comparisons between various molecules follow similar tendencies as those of the 4×4 supercell. Therefore, our results by using the 4×4 supercell represent a general behavior of molecular adsorption on monolayer blue phosphorus with relatively dilute coverage. More discussions on the coverage effect on the adsorption and electronic properties of the blue phosphorus systems will be presented in the successive sessions. Figures 2 and 3 display the most stable configurations of various gas molecules adsorbed on the blue phosphorus sheet. All the gaseous species except O 2 are physisorbed on the monolayer, while O 2 favors chemisorption on the monolayer. As illustrated by figure 2(a), an O 2 molecule can physically adsorb on the blue phosphorus sheet with E ads =−0.08 eV and a distance of 3.41 Å to the 2D sheet. It is exothermic and Figure 3 . The most stable structures of monolayer blue phosphorus adsorbed by various gas molecules:
h) CO, and (i) N 2 , in the top view (top panel) and side view (bottom panel). The H, C, N, O, P, and S atoms are represented in white, grey, blue, red, purple, and yellow, respectively. The adsorption energy (E ads ) and the distance (d) between the gas molecule and blue phosphorus sheet are shown for each system (d is defined as the vertical distance between the bottom of the molecule and surface of the blue phosphorus).
almost barrierless for the O 2 molecule to approach the phosphorus surface and attain a metastable state, where the oxygen dimer covalently bonds with the P atoms (O-P bond length=1.66 Å, E ads =−0.73 eV). Then the oxygen dimer can dissociate into two chemisorbed O atoms on the monolayer by overcoming an energy barrier of 0.52 eV, and the adsorption energy of the system is further lowered to −4.32 eV. The whole oxidation process is energetically favorable and kinetically readily at room temperature. Therefore, long exposure of blue phosphorus sheets to oxygen environment would chemically degrade the material. Furthermore, the band structure of monolayer blue phosphorus is modified by the chemisorbed O atoms. The band gap is reduced to 1.88 eV due to the occurrence of impurity states near the top valence band, as shown in figure 2(b) . The effective masses increase to 3.15 m 0 for electron carriers and decrease to 0.36 m 0 for hole carriers. These oxidation-induced changes of electronic properties are noteworthy for device applications of monolayer blue phosphorus.
On the other hand, NO, SO 2 , NH 3 , H 2 O, NO 2 , CO 2 , H 2 S, CO, and N 2 favor physisorption on the blue phosphorus sheet, with vertical distance to the monolayer of 2.34-3.62 Å and E ads of −0.22-−0.08 eV (see table 1 and figure 3) . We also used smaller distance of 1.5 Å between the molecules and phosphorus surface for the initial configuration. The Table 1 . The band gap (E g ), effective mass of electron (m e * ) and hole carriers (m h * ), work function (Φ), and charge transfer (CT) of monolayer blue phosphorus adsorbed by various gas molecules. Positive CT values represent electron transfer from the blue phosphorus sheet to the gas molecules. The data of pristine monolayer blue phosphorus are also listed for comparison. optimized structures reproduce those in figure 3 , signifying that the monolayer blue phosphorus is inert to these gases. In particular, NO, SO 2 , NH 3 , H 2 O, and NO 2 molecules stay with distances 3 Å to the monolayer and they exhibit larger adsorption strength (|E ads |0.16 eV) than the other molecules. NO, SO 2 , and NO 2 favor the top site (or close to the top site) with the N/S atoms towards the phosphorus surface. NH 3 and H 2 O favor the hollow site with the N/H atoms pointing to the phosphorus surface. The bond lengths of the physisorbed molecules are slightly larger than those of the free gaseous molecules (see table S3 of supporting information). These adsorption behaviors are attributed to the facts that NO and NO 2 have unpaired electrons; NH 3 and SO 2 have a lone pair at the N and S atoms, respectively; and H 2 O is highly polar with the H atoms partially charged. As a consequence, these molecules could strongly interact with monolayer blue phosphorus that possesses lone-pair electrons in the sp 3 orbitals. Accordingly, prominent charge transfer occurs between these gas molecules and the blue phosphorus sheet. NO, SO 2 , H 2 O, and NO 2 act as acceptors and withdraw 0.10e, 0.10e, 0.03e, and 0.19e from the monolayer, respectively, given by the Bader charge analysis [52] (see table 1 and figure 5(a) ). NH 3 serves as a donor and transfers 0.03e to the monolayer. The other gases CO 2 , H 2 S, CO, and N 2 , either non-polar or with less polarity, have relatively weaker interaction with the blue phosphorus sheet. They show larger distances to the monolayer, smaller adsorption energies, and less charge transfer.
The adsorption of gas molecules greatly affects the electronic properties of the parent 2D material. As shown by figure 4, the band structure and density of states (DOS) of monolayer blue phosphorus are remarkably changed in presence of NO, NH 3 , and NO 2 . A flat band is induced in the gap near the bottom conduction band and top valence band for NO and NH 3 , respectively. The adsorbed NO 2 molecule gives rise to two impurity states of spin up and spin down, respectively. The local density of states (LDOS) and partial charge densities suggest that these mid-gap states are contributed by both the gas molecules and the blue phosphorus sheet, an indication of their electron coupling. The coupling strength is mediated by the charge transfer as well as the alignment of the frontier molecular orbitals of the gases and band edges of the phosphorus sheet [53, 54] . Our calculations show that the gas-phase NO, NH 3 , and NO 2 molecules have the highest occupied molecular orbitals (HOMO) of −4.63, −5.33, and −6.61 eV, respectively, approaching the Fermi level (−4.68 eV) of pristine monolayer blue phosphorus (use the vacuum energy level as the reference). SO 2 associated with large charge transfer modifies the bottom conduction band of the parent sheet, reducing the band gap to 1.87 eV. On the contrary, H 2 O, CO 2 , H 2 S, CO, and N 2 either have little charge transfer or have HOMO levels far below the Fermi level of the blue phosphorus sheet (see table S3 of supporting information). Consequently, the HOMO levels of these adsorbed molecules stay in deep energy regions and can hardly affect the bands near the Fermi energy [55] . The band structure and DOS are almost identical to those of the pristine monolayer, with band gap slightly decreased to 1.91-1.93 eV ( figure S2 of supporting information) .
Compared to the band gap, the carrier effective masses of the blue phosphorus sheet are affected prominently upon molecular adsorption, as demonstrated by table 1. Most of the gas molecules adsorbed on the monolayer lead to the increase of effective masses ranging from 0.81-3.46 m 0 for electron carriers, and 0.79-6.60 m 0 for hole carriers, respectively. As two exceptions, NH 3 has a reduced electron effective mass of 0.35 m 0 , and H 2 S shows a decrease of hole effective mass to 0.47 m 0 . As the carrier mobility is closely related to the effective mass [56] , the blue phosphorus sheet adsorbed by various gas molecules may exhibit different responses to the transport properties, which in turn is beneficial for gas sensing. The adsorbed gas can be further distinguished by the change of work function (Φ) of the parent 2D sheet, as revealed by figure 5(b) . Pristine monolayer blue phosphorus has Φ=4.68 eV (Φ is defined as the energy required to extract an electron from the Fermi level to the vacuum [53] ). Upon gas adsorption, electron withdrawal from the phosphorus sheet lowers the Fermi level and increases the work function of the system. Accordingly, the adsorbed NO 2 , SO 2 , and NO molecules induce large charge transfer from the blue phosphorus sheet ( figure 5(a) ), and thus greatly enhance the work function to 5.42, 5.31, and 5.28 eV, respectively. The other acceptor molecules are associated with less charge transfer and only increase the work function slightly, to 4.69-4.97 eV. On the contrary, adsorption of NH 3 donates electrons to the blue phosphorus sheet and raises the Fermi level, leading to a small decrease of work function to 4.60 eV.
The electronic properties of monolayer blue phosphorus are closely related to the coverage of adsorbed molecules. To explore the coverage effect, we consider one molecule adsorbed on the 6×6 and 5×5 supercells corresponding to coverage of 0.30 and 0.43 molecules per nm 2 , as well as 1-4 molecules adsorbed on the 4×4 supercell giving coverage of 0.67-2.69 molecules per nm 2 . Here, we take NH 3 , NO, NO 2 , H 2 O, and CO 2 as representatives. The structural, energetic, and electronic properties of these systems are presented in table 2, figure 6 , as well as table S2 and figures S1-S6 of the supporting information. For coverage below 0.67 molecules per nm 2 , the interactions between molecules are rather weak, while the interaction between molecules and the 2D sheet does not change much with coverage, resulting in similar E ads , CT, and band structures. For coverage above 0.67 molecules per nm 2 , NH 3 , NO 2 , and H 2 O start to interact with the neighboring molecules. Generally speaking, E ads and CT increase with coverage, yielding large changes of work function, i.e. reduction of Φ down to 4.45 eV for NH 3 and increase of Φ up to 7.00 and 5.03 eV for NO 2 and H 2 O, respectively. For NO and CO 2 , the interactions between molecules are relatively weak and E ads is almost constant; CT increases with coverage and raises Φ up to 5.36 and 5.33 eV, respectively. All the adsorbed molecules induce impurity states in the band structure near the Fermi level or band edge, leading to the decrease of band gap. These trends of modifications in electronic properties may be used to identify the coverage of gas molecules on monolayer blue phosphorus.
In reality, defects are inevitable in 2D materials. The defective regions are usually more chemically active and prone to adsorb gas molecules [57] . To address this issue, we consider monolayer blue phosphorus including a single vacancy (SV), a Stone-Wales (SW) defect, and a double vacancy (DV), which are commonly observed in graphene, silicene, and phosphorene [58] [59] [60] . The energetic stability of the defective blue phosphorus sheet can be characterized by the formation energy defined as follows:
where E defect is the energy of the defective system consisting of n numbers of P atoms and E P is the energies of a P atom in perfect monolayer blue phosphorus. We obtain ΔH=2.52, figure 7 , and figures S7-S9 of the supporting information. We use a distance of 2.0 Å between the molecules and the defective sheet for the initial configurations. After optimization, NO and NO 2 form chemical bonds with the P atom at SV with E ads =−1.12 and −2.88 eV, respectively. NO 2 dissociates into an O atom chemisorbed at DV and a NO molecule physisorbed on the blue phosphorus sheet. For the other cases, the gas molecules favor physisorption on the defective blue phosphorus sheet at distances larger than 2.3 Å. For NO and NH 3 , the interaction between the gas molecules and the defective monolayer is stronger than that of the perfect monolayer, resulting in larger values of E ads and CT. The adsorbed NO molecule behaves as an electron acceptor and NH 3 acts as a donor; they increase and decrease the work function of the parent defective sheet by up to 0.32 and 0.69 eV, respectively. These enhanced adsorption properties are beneficial for gas sensing. The H 2 O and CO 2 molecules are relatively inert compared to NO, NO 2 , and NH 3 . They interact weakly with the defective blue phosphorus sheet, giving E ads and CT close to the values of the gases on the perfect sheet and less variations of work function. For the physisorbed gas molecules, NO and NO 2 significantly modify the band structure of the parent defective sheet by inducing flat bands in the gap. On the contrary, NH 3 , H 2 O, and CO 2 introduce states close to the band edge, and thus these systems almost retain the band structure of the defective sheet.
Conclusion
We investigated the structure, energetics, charge transfer, and electronic properties of monolayer blue phosphorus adsorbed by environmental gases, including O 2 , NO, SO 2 , NH 3 , H 2 O, NO 2 , CO 2 , H 2 S, CO, and N 2 . Our first-principles calculations show that O 2 is prone to dissociate and chemisorb on a blue phosphorus sheet, which is an exothermic process involving a small energy barrier. The other molecules can stably physisorb on the blue phosphorus sheet and give rise to distinguishable modifications of the electronic properties in terms of band gap, carrier effective mass, and work function, rendering this material suitable for gas sensing. Point defects such as single vacancy, Stone-Wales defect, and double vacancy in the blue phosphorus lattice would not severely affect the adsorption properties of this material. Most of our considered gas molecules still favor physisorption on the defective sheet, and the induced variations to the electronic properties are even enhanced compared to those of the perfect monolayer, which is beneficial for gas sensing. These results provide vital atomistic insights into the chemical stability of monolayer blue phosphorus in the presence of typical environmental gases, and advance the device applications of this novel 2D material. Table 3 . The adsorption energy (E ads ), distance to the 2D sheet (d), band gap (E g ), work function (Φ), and charge transfer (CT) of gas molecules adsorbed on the defective blue phosphorus sheet. Positive CT values represent electron transfer from the 2D sheet to the gas molecules.
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